SrTiO 3 (STO) thin films were grown onto Pt/Ti/TiO 2 /SiO 2 /Si and bare Si substrates via metallo-organic solution deposition (MOSD). X ray diffraction, scanning electron microscopy, atomic force microscopy, spectroscopic ellipsometry (SE), and dielectric/insulating measurements were utilized to characterize the STO thin films. By optimizing the solution molarity, it is shown that it is possible to obtain low-frequency dielectric properties in STO thin films on Si substrates that approach those of bulk STO: a dielectric permittivity of 325 at 100 kHz with a tunability of $28% at $650 kV/cm, a low loss (<2%), and a leakage current density of 1.0 Â 10 À6 A/cm 2 at 100 kV/cm. The bulk-like dielectric response of these films is attributed to the elimination of the relatively large in-plane tensile thermal stresses, which arise due to the thermal expansion mismatch between the STO film and the Si substrate. These tensile thermal stresses may be relaxed or completely eliminated through modification of the post-coalescence compressive growth stresses by precursor solution optimization. The SE data indicates that the STO thin films have a refractive index of $2.04 at 633 nm wavelength, which is lower than that of bulk STO. The dielectric, physical, and optical characterization results above the bandgap are consistent, but below the bandgap, the optical-frequency results demonstrate a $25% reduced dielectric response as compared to the bulk, which may be due to the different polarization mechanisms at work at high frequencies. These findings demonstrate that high-quality, electronic-grade, thin film STO films can be grown on Si substrates via the affordable, simple, and industry-standard MOSD technique by carefully adjusting the deposition parameters. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
The prototypical perovskite oxide strontium titanate (SrTiO 3 or STO) is an incipient ferroelectric (FE) material that has emerged as an excellent candidate for many electronic applications, due to its large permittivity that can be tuned via an applied electric field as well as its low loss and stability with a variety of technologically relevant substrates, such as Si and sapphire (a-Al 2 O 3 ).
1,2 At room temperature, STO has the cubic perovskite structure (Pm3m); it undergoes a structural (ferroelastic) phase transition at -168 C to a tetragonal symmetry with space group I4/mcm. This phase transition is caused by the softening, or the instability, of the soft optical phonon mode. 3 Although STO remains paraelectric down to absolute zero, the FE state may be stabilized in STO through the application of external stimuli, such as misfit strains imposed by the substrate material in epitaxial films. 4, 5 Like most FE thin films, the dielectric response of thin film STO is often significantly degraded compared to bulk STO. In FE films, this can be attributed to internal stresses, 6 microscopic defects (such as oxygen vacancies 7 or dislocations 8 ), macroscopic defects (such as cracks and porosity 9 ), and the formation of dielectrically "dead layers" at the interfaces between the film and the metallic electrodes. 10 While a large permittivity and tunability have been obtained through strain engineering in epitaxial STO thin films, the cost of the substrates employed in these experiments (e.g., DyScO 3 ) is prohibitively high for practical applications. 4 STO films have been deposited on a variety of substrates by many different methods, including pulsed laser deposition (PLD), 11 metallo-organic chemical vapor deposition (MOCVD), 12 molecular beam epitaxy (MBE), 4 and chemical solution deposition techniques (CSD). Among these deposition methods, CSD routes, such as metalloorganic solution deposition (MOSD), are simple, low-cost, and scalable means of producing high-quality polycrystalline thin films. [13] [14] [15] Furthermore, the deposition of STO thin films on integrated circuit (IC)-compatible substrate materials (Si and c-plane sapphire) would ensure that the cost per device is low and that the devices can be easily integrated into current IC technology frameworks. However, STO thin films deposited on Si often suffer from reduced dielectric properties due to the in-plane thermal stresses that arise from the large difference in thermal expansion coefficients a) Author to whom correspondence should be addressed. Electronic mail: p.alpay@ims.uconn.edu.
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V C 2012 American Institute of Physics 111, 054108-1 (TECs) of STO and Si. 16 For example, at an annealing temperature of 750 C, the TEC mismatch between STO and Si (11 Â 10 À6 C À1 and 4.4 Â 10 À6 C
À1
, respectively) results in an in-plane thermal strain of u T % 0.5%. 17, 18 Using a non-linear thermodynamic model, one can show that this tensile strain should decrease the room temperature (RT ¼ 25 C) small-signal relative dielectric permittivity to $240 (Ref. 18) compared to the bulk value of the relative dielectric constant of bulk STO ($300), 19 corresponding to a $20% deterioration.
For STO thin films to be implemented into microelectronic devices, they must be deposited by an affordable technique directly onto IC-compatible substrates. Furthermore, in terms of dielectric properties, STO films must simultaneously possess a relative dielectric constant approaching the RT bulk value of 300, low loss (typically less than a few percent), and, for tunable devices, it is specified that capacitors leak no more than 500 pA. 20 A summary of the relative dielectric permittivities, loss tangents, dielectric tunabilities, leakage densities, and capacitance densities of STO thin films on Si-based substrates synthesized via CSD methods is provided in Table I. 14,15,21-27 Although some experimental results report very high permittivities, most of these studies do not include a complete set of dielectric properties that include the loss factor and the magnitude of the leakage currents. In the studies where the dielectric losses and leakage are measured, the values for these parameters are unacceptably high for device applications. It is clear that a complete, systematic study of MOSD STO thin films on Si-based substrates is needed in order to assess the potential of MOSD STO films for future electronic device applications.
We show in this study that, by employing an industrystandard, relatively low-cost MOSD technique, STO films with bulk-like low-frequency dielectric constant, low loss, and low leakage currents can be grown on IC-compatible Ptcoated Si substrates. The low-frequency dielectric properties of STO films on metallized Si substrates obtained herein are given in the last row of Table I : a relative dielectric permittivity of 331 with a tunability of 28.20% at $650 kV/cm, a loss tangent of 2.1%, and a leakage current density of 1.00
The results indicate that, by controlling the precursor solution molarity, a large dielectric response can be obtained in the STO/Si film-substrate system, despite the in-plane tensile thermal stresses that form due to the relatively large difference in TECs of STO and Si. The bulk-like dielectric permittivity observed in this work arises from the relaxation of the thermal mismatch-induced tensile stresses via compressive "growth" stresses, such as those that occur during grain growth at the final annealing treatment. Therefore, chemical precursor modification in MOSD is a promising technique to enhance the dielectric properties of STO thin films on Si substrates.
II. EXPERIMENTAL CONDITIONS
The starting materials for the MOSD precursor solution are strontium acetate hydrate (Alfa Aesar 99.9965%), titanium (IV) isopropoxide (Alfa Aesar, 99.995%), glacial acetic acid (Baker, 99.9%, A.C.S. Reagent), and anhydrous 2-methoxyethanol (Sigma Aldrich, 99.8%). The amount of 2-methoxyethanol was used to adjust the viscosity of the solution and to prevent the rapid hydrolysis of titanium (IV) isopropoxide. 28, 29 The precursor solution molarity has been shown to have a profound influence on thin film growth mechanisms as well as the film properties. 30, 31 Therefore, several solution molarities in the range of 0.20 M (M ¼ moles/liter) and 0.60 M were chosen, building upon our preliminary findings. 32 The precursor solutions were spin-coated onto bare Si substrates as well as on Pt/Ti/TiO 2 /SiO 2 /Si (Pt-metallized Si) substrates at 6000 rpm for 50 seconds. After each coating, the films were pyrolyzed at 350 C for 10 min, followed by a final pyrolysis step at 400 C, and then annealed at T A ¼ 750 C in flowing O 2 for two hours to produce a crystalline film. The spin-coating and initial pyrolysis steps were repeated until the desired film thickness was reached.
Thermal decomposition was studied using a TA Instruments Q500 thermal gravimetric analyzer (TGA). The crystal structure of the STO/Si films was verified by XRD using a Bruker D8 Advanced Diffractometer, and the stoichiometry was estimated using a PHI 595 Multiprobe X-ray photoelectron spectrometer (XPS). A JEOL JSM-6335F field emission scanning electron microscope (SEM) and an Asylum Research MFP-3d atomic force microscope (AFM) were used to examine the film microstructure and morphology of the STO/Si films as well as to calculate the root mean square (RMS) roughness. A Woollam VASE spectroscopic ellipsometer (SE) was used to determine the film thicknesses, which were verified by cross-sectional SEM. SE was also used to determine the complex dielectric functions of the STO thin films on Si. For electrical measurements, 200 lm diameter Pt top electrodes of $150 nm thickness were sputtered onto the STO/Pt/Ti/TiO 2 /SiO 2 /Si films through a stainless steel shadow mask. The dielectric properties were measured in the metal-insulator-metal (MIM) configuration on the STO/Pt/Ti/TiO 2 /SiO 2 /Si samples using an HP 4284 A LCR meter, HP 4140B picoamp meter, and a Signatone S-250 probe station. 
III. PRECURSOR SOLUTION CHEMISTRY AND CRYSTALLIZATION
As with any chemical solution deposition technique, verification of the precursor solution chemistry is required, and it must be confirmed that fully crystalline, phase-pure, perovskite STO can be obtained upon appropriate drying and heating of the precursor. Therefore, the thermal decomposition behavior of the as-dried precursor solution was examined using TGA. The precursor solution was dried at 150 C overnight to obtain the as-dried powder. A precursor molarity of 0.32 M was used for the thermal decomposition study, although different molarities displayed similar results. The thermal decomposition behavior is an important characteristic of MOSD precursor solutions, because it provides information about the amount of total weight loss on heating, the formation of intermediate phases, and the temperature at which all organics are removed. The TGA curve for the asdried precursor is shown in Fig. 1(a) . The first, small amount of weight loss at $150 C is due to the evaporation of water.
The next weight loss, between 275-350 C, is most likely due to the decomposition of the precursors into their metastable organic phases, such as strontium carbonate, which has been shown to form near 300 C. 33 Finally, in the temperature range of 400-475 C, the titanium precursor forms TiO 2 and any other remaining organic components are removed from the system. 33 The weight loss process is completed around 475 C. After examining the thermal decomposition of the precursor, the as-dried powder was sintered to ensure that the precursor transformed into single-phase, crystalline, perovskite STO. The sintering procedure used was heating at 700 C for two hours and then at 1300 C for six hours, with a heating rate of 15 C/min. The XRD pattern from the fully crystalline sintered ceramic powders is shown in Fig. 1(b) for a precursor solution molarity of 0.32 M. The XRD results in Fig. 1 (b) display peaks corresponding to polycrystalline STO in the cubic paraelectric phase, which were indexed using the standard Joint Committee on Powder Diffraction Standards (JCPDS) file. 34 The amount of powder used in the sintering process is relatively large; as such, the removal of the organic components is more likely to be non-uniform and the kinetics are slower. Therefore, it is likely that secondary phases remain in the interior of the sintered powder within the crucible at higher temperature than expected from the TGA analysis.
In order to study how the crystalline microstructure develops from the as-deposited amorphous thin film, the annealing temperature (T A ) was varied between 400 to 800 C for STO thin films on Si substrates. The precursor solution molarity used in the crystallization study was 0.32 M. As shown in Fig. 2 , the degree of crystallinity increases with increasing T A , as indicated by the relative intensities of the STO peaks. For example, the (110) peak at 2h ¼ 32.45 grows in intensity and becomes sharper as T A is increased from 400 C to 800 C. The peak at 2h % 33.00 is the Si (200) reflection, which is produced by multiple beam scattering and only observed when the substrate is perfectly aligned in the diffractometer. 35 The small peaks at $48.0 and 56. STO films deposited on metallized Si substrates (not shown).
The annealing series was performed on the STO/Si films in order to highlight the evolution of the (111) and (200) STO peaks (as seen in Fig. 2 ), which are obscured by the Pt peaks for STO films deposited on metallized Si. The XRD plots also indicate that the films are not fully crystallized until $600-700 C, since the (200) STO peak at 2h % 46.5 is not clearly visible in the films annealed below 600 C. XPS was performed on the fully crystallized STO thin films in order to obtain a semi-quantitative measure of the stoichiometry. The Sr:Ti ratio was determined from XPS analysis to be 1.0:0.97, which is very close to the desired 1:1 stoichiometric ratio.
Selected AFM images of 0.32 M molarity STO films annealed at different temperatures are shown in Figs. 3(a)-3(c). For T A ¼ 400 C (Fig. 3(a) ), the film is amorphous with no discernible grain structure or significant surface features, in agreement with the XRD results. For T A ¼ 500 C, the films develop small mounds on the surface (Fig. 3(b) ). For films annealed in the range 700 C < T A < 800 C ( Fig.  3(c) ), grain growth occurs. In general, it is preferred to choose a T A that produces the largest grain size, since larger grains are often linked to larger dielectric permittivities. 36 Furthermore, a larger-grained microstructure means that there is less grain boundary area, and since grain boundaries can serve as high-leakage paths, 37 one can reduce leakage currents by increasing the average grain size. As such, in order to optimize the grain size and ensure good crystalline quality, T A was chosen to be 750 C. Temperatures in excess of 800 C are not recommended for STO, due to diffusion between the platinum bottom electrode and the film. This leads to unacceptably high leakage currents. 38 In Fig. 3(d) , the RMS roughness as a function of T A is plotted. Although the roughness in the 800 C-annealed film is the largest, we note that the RMS roughness for all the STO films is below 3 nm. This low surface roughness ensures that good contact can be made between the film and top electrode. Figures  4(a)-4(b) show the plan-view AFM and SEM cross-sectional micrographs of the STO/Si films annealed at T A ¼ 750 C. The STO thin films in these images were spun from 0.32 M and 0.34 M molarity precursors. These images demonstrate a fully crystalline, fine-grained thin film (Fig. 4(a) ) and a relatively dense microstructure (Fig. 4(b) ).
IV. PRECURSOR SOLUTION MOLARITY
The next step in the analysis was to investigate the effect of the precursor solution molarity on the microstructure and dielectric response of the STO thin films. The molarity has been shown to have a profound influence on the microstructure and, thus, on the dielectric properties of MOSD thin films, including STO, since it affects the stability/shelf-life of the precursor solution, the spun-on thickness of the film, the physics of the formation of the film, and the commensurate internal stress state. Because in-plane stresses can have a significant impact on the dielectric response, optimization of the solution molarity may be an effective means to tailor these stresses and enhance the dielectric properties. Although the role of this parameter has been researched extensively in the past, much of the prior work was focused on how molarity affects the preferred orientation (texture) of the thin films. 39 We note that the range of molarities used in this study (0.24-0.60 M) all produce untextured, polycrystalline STO films. This allows us to understand the role of solution molarity on the microstructure and, thus, on the dielectric properties.
Four precursor solution molarities were prepared for this purpose: 0.24 M, 0.30 M, 0.40 M, and 0.60 M. This range was chosen because it has been shown that molarities in this span produce stable solutions.
2,14,40 Too low a molarity can degrade the thin film microstructure, resulting in a highly porous film or a discontinuous film through non-uniform coverage of the underlying substrate. 41, 42 Too high a molarity can cause the precursor chemicals to precipitate out of the solution, limiting the long-term stability of the solution as the solubility limit is reached. Furthermore, if the spun-on thickness is too large (i.e., the molarity is too high), so-called "mud-cracking" can occur during the pyrolysis step. 43 A stock solution of 0.60 M was first synthesized, and then acetic acid and 2-methoxyethanol were added to the solution to create the four different molarity solutions. Figure 5 shows the plan-view SEM micrographs of the STO films as a function of the solution molarity. For these samples, a very thin (less than 5 nm), conducting layer of gold was sputtered onto the samples before imaging in the SEM. The microstructure changes significantly as a function of the molarity of the precursor solution. Films derived from higher molarity precursor solutions (Figs. 5(a)-5(b) ) have a smaller average grain size than films derived from lower molarity solutions (45 nm and 80 nm for 0.60 M and 0.30 M, respectively), and the higher molarity solutions produce films with microcracks. Similar results have been obtained for BaTiO 3 films fabricated by hydrothermal synthesis, in which increasing the molarity resulted in a smaller grain size. 44 This can be attributed to higher nucleation rates for the high-molarity solutions, giving rise to a smaller overall grain size.
V. EFFECT OF PRECURSOR SOLUTION MOLARITY ON THE DIELECTRIC PROPERTIES
The room temperature field-dependent relative dielectric permittivities for the films derived from the four different molarities are given in Fig. 6(a) . All dielectric measurements were made on STO thin films deposited onto Pt/Ti/TiO 2 /SiO 2 / Si substrates at a frequency of 100 kHz. The permittivity increases as the molarity is decreased from 0. decreased, the thickness per spun-on layer also decreases. However, if the spun-on layer is too thin (as may be the case for the 0.24-M film), STO may not form as a continuous layer on the substrate. The tunabilities at RT and at an applied electric field of $300 kV/cm for the 0.60-M, 0.40-M, 0.30-M, and 0.24-M film are 18.9%, 14.0%, 10.7%, and 9.3%, respectively. Figure 6(a) clearly demonstrates the enhanced permittivity in the 0.30-M film as compared to the other STO films.
The field-dependent dielectric response and dielectric loss for the 0.30-M film are given in Fig. 6(b) , with a larger range of applied electric field than shown in Fig. 6(a) . Here, we note that the loss is $0.021, except at higher electric fields, when the loss increases dramatically to $0.045 at 680 kV/cm. This dramatic increase in the loss at higher applied electric field is due to the increased leakage current at higher fields. The RT tunability of the 0.30 M film (28.2%) at an applied electric field of 680 kV/cm is larger than other STO films deposited using chemical deposition routes (see Table I ). We note that higher tunabilities (up to 74% at cryogenic temperatures and large applied electric fields) can be achieved in epitaxial STO films deposited by MBE and other methods on non-IC compatible substrates. 45 As described earlier, some studies have hypothesized that a larger grain size leads to a larger dielectric permittivity. 36 Although the relationship between grain size and permittivity is not fully understood, it is generally believed that a smaller grain size may lower the permittivity due to the larger percentage of grain boundary area. Grain boundaries can be thought of as a "disrupted region" of the film, which are believed to possess a lower permittivity than the bulk material. Using a dead-layer model for the grain boundary capacitance, Sinnamon et al. found that, in Ba 0.5 Sr 0.5 TiO 3 thin films with a relative dielectric permittivity of $200-700, the permittivity of the grain boundary region may be as low as 40. 46 The RT leakage current density at 100 kV/cm increases from 8.6 Â 10 À8 A/cm 2 to 1.2 Â 10 À6 A/cm 2 as the solution molarity decreases from 0.60 M to 0.24 M. In general, the leakage current in thin films is very sensitive to the film thickness, and since the film thickness decreases with decreasing molarity, it is not surprising that the leakage current increases with decreasing molarity. Similar thicknessdependent leakage current characteristics have been observed in barium strontium titanate (BST) films. 47 This thickness-dependence of the leakage current is often attributed to a higher defect density in the thinner films as well as the effect of dielectrically dead layers at the interfaces between the film and electrodes. A higher defect density can lead to trapping the charge carriers, and the charge build-up may enhance the leakage current through the film.
In Fig. 7 , the electric field dependence of the dielectric response obtained in this study is plotted along with the theoretical predictions from a non-linear thermodynamic analysis of the role of thermal stresses in (001)-textured STO/Si films. 18 The field-dependent relative permittivity for the 0.60 M (triangles) and 0.30 M films (squares) is shown as well as the theoretical results 18 for bulk STO (dashed line) and STO films on Si (solid line). While the dielectric response of 0.60-M film matches well with the theoretical results for the STO/Si system, the dielectric response of the 0.30 M film is significantly larger than the theoretical dielectric permittivity of STO on Si and even slightly higher than the value of bulk STO. The tunability of the 0.30 M film is quite similar to that predicted by the theory for the STO/Si thin film system (12.39% c.f. 13.81%, respectively, both at 350 kV/cm). Taking into account the standard deviation of the experimental data (Fig. 7) , the results show that the RT small-signal relative permittivity of the 0.30-M film (325) is comparable to bulk STO (308) predicted by the thermodynamic theory. 18 This bulk-like dielectric response in the STO thin films is most likely due to the strain state in the thin films. It is well known that in-plane tensile strains can drastically reduce the dielectric permittivity of FE films in the MIM capacitor geometry, and the TEC mismatch between STO and Si is expected to result in in-plane tensile stresses upon cooling from the annealing temperature to room temperature. 16 As such, one would expect the dielectric response of the STO/Si system to be significantly lower than that of bulk STO, which is not in agreement with our results for the solution-optimized 0.30 M molarity film; the low-field dielectric response is comparable to that of bulk STO. Therefore, we believe that the solution molarity plays a key role in determining thin film growth stresses.
Growth stresses arise during Volmer-Weber film growth processes, such as island nucleation (compressive stress), grain coalescence (tensile stress), and often during postcoalescence coarsening (compressive stress). 48 The difference in grain size of the low molarity and high molarity-derived thin films indicates that solution molarity influences film growth during the post-coalescence stage for STO films on both Si ( grain growth has occurred, resulting in in-plane compressive stresses that can reduce the in-plane tensile thermal stresses from the TEC mismatch. The driving force for grain growth is usually the reduction of the grain boundary surface area or the minimization of the stored elastic energy due to thermal strain. 49 In order to determine the in-plane strains more accurately, a slow XRD step-scan around the (110) STO peak for the 0.60 M and 0.30 M films was also performed. All peak positions were calibrated based on the single crystal Si substrate (100) peak. A Gaussian was then fitted to the raw data to determine the shape of the curves and the position of the peak maximum. The peak positions for the 0.60 M and 0.30 M (110) XRD peaks were 32.4824 and 32.4503 , respectively, resulting in out-of-plane lattice parameters of 0.3898 nm for the 0.60 M film and 0.3902 nm for the 0.30 M film (the bulk STO lattice parameter is 0.3905 nm). From this data, we conclude that the 0.60 M STO thin film is under tensile strain (since the out-of-plane d-spacing has decreased), while the strain is nearly zero in the 0.30 M film, indicating that the TEC mismatch-induced tensile thermal stresses were relaxed via precursor solution optimization.
Differences in the molarity are expected to impact the viscosity of the solution and, hence, the thickness of the spun-on layer. Lower molarities result in a thinner spun-on layer (the thickness of the 0.60 M and 0.30 M films were 338 nm and 147 nm, respectively, for the same number of coats), and this can lead to less film shrinking during pyrolysis as well as easier and more efficient organic removal and lower in-plane strain. 50, 51 In addition to the lower strain after pyrolysis, the thinner layers in the lower molarity (0.30 M) films allow for enhanced grain growth to occur during the annealing step. Grain growth kinetics may be enhanced in the lower molarity thin films, since the microstructural length scales involved in the growth process are smaller in the lower molarity-derived STO film. 52 
VI. HIGH FREQUENCY (OPTICAL) DIELECTRIC RESPONSE
In addition to the microstructural characterization and low-frequency dielectric measurements, SE was carried out in order to determine the optical constants and the dielectric response of the thin films at optical frequencies. The dielectric permittivity in the optical frequency range can be determined as a function of photon energy (or wavelength) by SE, which is an optical technique measuring the change of polarization for light reflected off the sample. For a thin film of STO on Si, the complex Fresnel ratio (the ratio of the complex reflectance E p for p-polarized light to the complex reflectance E s for s-polarized light) can be written in polar coordinates as an amplitude tan W and a relative phase, D. This leads to the definition of the ellipsometric angles W and D. For our samples, the ellipsometric angles depend on the STO film thickness and the dielectric permittivities as a function of photon energy for the Si substrate and the STO film.
The electrical measurements presented in Sec. V determined the low-frequency dielectric permittivity, e, obtained at 100 kHz. At such low frequencies, the permittivity has two components: a lattice contribution and an electronic contribution. The lattice contribution is proportional to the square of the ratio of the effective dynamical charge to the vibrational frequency (added over all phonon modes). The Sr-related low-frequency TO phonon gives the largest term to this lattice contribution. This phonon hardens under an applied electric field 53 and, thus, makes the dielectric tunable (see Fig. 6 ). The electronic contribution is roughly proportional to the square of the ratio of the plasma frequency to the Penn gap. 54 At optical frequencies (e.g., 1 lm wavelength), which are much higher than the lattice vibrations (about 90 to 800 cm À1 in bulk STO), the atoms are unable to follow the rapid oscillations of the electric field and the vibrational contribution to the permittivity vanishes. The high-frequency permittivity, e 1 , therefore, contains only the electronic contribution. In bulk STO crystals, the low-and high-frequency permittivities are related by the LyddaneSachs-Teller relation, but this relationship breaks down in thin films, where the soft phonon mode hardens. 55 The ellipsometric angles for samples with 0.60 M molarity are shown in Fig. 8 from 0.7 to 6.0 eV. The symbols show experimental results at different angles of incidence (65 , 70 , and 75 ) using the high-accuracy setting of the Berek wave plate compensator. The solid lines are the result of a model calculation, as described below. These spectra can be divided into three distinct energy regimes: (1) At long wavelengths (0.7 to 3.5 eV), the photon energy is less than the bandgap and the absorption of the STO film vanishes. The optical beam penetrates the entire STO film, leading to multiple reflections and a set of interference fringes dominating the spectra. A small amount of roughness (2 nm RMS; see Fig. 3(d) ), much less than the film thickness, will not have a significant impact on the spectra. Similarly, a SiO 2 interfacial layer between the Si substrate and the STO film will not impact the spectra as well, as long as the interfacial layer is much thinner than the film. (2) At high photon energies (above 4 eV), the film is much thicker than the optical penetration depth. The spectra are dominated by the dielectric permittivity of the STO film and its roughness. (3) In the intermediate spectral range (3.5 to 4.0 eV), the film thickness is comparable to the optical penetration depth. This part of the spectrum is usually very difficult to understand, because of numerical instabilities in the equations governing the reflection of light by a film with small absorption.
The experimental data is interpreted using the following assumptions: the optical properties of the Si substrate are well known, the SiO 2 interfacial layer is much thinner than the STO film, and the STO film has similar optical properties as bulk STO. 56 However, in regards to the last assumption, the permittivity of the film is scaled within the Bruggeman effective medium approximation (BEMA) to allow for the presence of grain boundaries or impurity inclusions (such as SiO 2 or SrO). We also ignore the surface roughness and assume an STO film thickness variation of 3.5% across the 5 Â 10 mm spot of our light beam. This model has two adjustable parameters: the STO film thickness and the BEMA void fraction. Even with only two parameters, the model (shown by the solid lines) achieves a good description of the data, especially in the transparent regime below 3.5 eV. The resulting film thicknesses compare favorably with those obtained from SEM measurements (see Fig. 4(b) ). The void fraction is about 25% for all films (independent of thickness or molarity), reflecting a much lower refractive index for our films than for the bulk (see below).
Once we determine the film thicknesses, the dielectric permittivity as a function of photon energy can be determined from the ellipsometric angles, ignoring the formation of a very thin SiO 2 interfacial oxide and the surface roughness. To avoid numerical instabilities near the bandgap (3.5 to 4.0 eV), the dielectric function of STO is expanded into cubic basis spline functions (B-splines) with 0.15 eV steps. 57, 58 The results of this B-spline analysis are shown in Fig. 9 in comparison with bulk STO. Above the bandgap, the films have similar peaks and shoulders as bulk STO. These peaks are due to optical interband transitions from the filled O(2p) valence band to unfilled states in the Ti(3d) conduction band. Oxygen vacancies as well as surface roughness reduce the amplitude of the peaks in the ellipsometry spectra. Lower crystallinity/small grain size ($40-80 nm) in our films compared to single-crystal or bulk STO leads to peak broadening, as observed in our data. Finally, Ti vacancies (i.e., in non-stoichiometric Sr-rich films) also reduce the peak amplitudes, because the interband transitions to Sr(5d) states start at 7 eV, beyond the range of our instrument. Above the bandgap, our results are similar to those of other polycrystalline films on Pt. 56 The onset of strong absorption ("direct bandgap") for the STO thin films is 3.7 6 0.1 eV, the same as in bulk STO.
The most striking result of this analysis is also the most reliable one (because it is not affected by the thin interfacial oxide layer or the surface roughness); in the transparent regime (below 3.5 eV), the dielectric permittivity at 1.96 eV (633 nm, the wavelength of the HeNe laser) of our films is about 25% lower ($4.15) than in the bulk ($5.71). The discrepancy between the low frequency (where a bulk-like permittivity was found) and the high frequency dielectric results that are $25% lower than bulk can be explained in terms of the lattice (ionic) and electronic contributions to the dielectric response. At optical frequencies, the dielectric response is determined by the electron cloud displacements. Therefore, the ionic displacements due to the volumetric thermal strains as well as localized strains near defects (vacancies, grain boundaries, etc.) will not have a significant effect on the dielectric response at high frequencies. Since internal strains play only a minor role at optical frequencies, all four molarity-derived films with different levels of thermal strains have a similar dielectric response in the highfrequency region (see Fig. 9 ). In addition, at optical frequencies, the oxygen vacancy contribution will be significant, due to the correlated electronic displacements. Therefore, at optical frequencies, the effects of thermal strain is negligible, while the effects of oxygen vacancies will be significant; these two behaviors can explain the discrepancy between the low-and high-frequency dielectric results.
VII. CONCLUSIONS
STO thin films were fabricated via MOSD and spincoating onto Si-based substrates. The results show that, through optimization of the precursor solution molarity and the post-deposition heat treatment, a bulk-like low-frequency dielectric response can be realized in MOSD STO thin films on metallized Si substrates. Various deposition and processing parameters were studied in order to produce films with the desired microstructure and dielectric response. The ideal conditions for enhanced dielectric response were determined to be: (i) a precursor with a solution molarity of 0.30 M, (ii) pyrolysis at 350 C, followed by a one-time final pyrolysis of 400 C, and (iii) annealing at 750 C. Such conditions produced excellent RT dielectric and leakage properties, including: a relative dielectric permittivity of 325 at 100 kHz, a dielectric loss of $0.02 at 100 kHz, a leakage current density of 1.0 Â 10 À6 A/cm 2 at 100 kV/cm, and a tunability of 28.2% at $650 kV/cm. These results demonstrate that the RT dielectric response of the 0.30 M film is comparable to that of bulk STO at low electric fields. The films derived from nonoptimized precursor solutions displayed significantly lower permittivities; for example, the 0.60 M film had a permittivity of 208, compared with 325 for the 0.30 M (solution-optimized) film and 308 for bulk STO. This indicates that inplane tensile thermal stresses that form due to the relatively large TEC mismatch between STO and Si may be relaxed through modification of the chemical precursor. This stress relaxation is evidenced not only by the bulk-like dielectric response of the solution-optimized STO films, but also by SEM (where a larger grain size in the solution-optimized film indicates post-coalescence grain growth) and XRD (where the solution-optimized thin film displays near-zero strain, as compared to the non-optimized films, which were under in-plane tensile strain). The high-frequency dielectric response is $25% lower than for the bulk, which is most likely due to the diminished effect of the above-described thermal strains and the enhanced effect of oxygen vacancies at optical frequencies. Apart from the lower magnitude, the electronic structure of the STO thin films is the same as for bulk STO.
